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Abstract 
This article presents a dynamic growth model with energy as an input in the production 
function. The available stock of energy resources is ordered by a quality parameter based 
on energy accounting: the “Energy Return on Energy Invested” (EROI). To our knowledge 
this is the first paper where EROI fits in a neoclassical growth model (with individual utility 
maximization and market equilibrium), setting the economic use of “net energy analysis” on 
firmer theoretical ground. All necessary concepts to link neoclassical economics and EROI 
are discussed before their use in the model, and a comparative static analysis of the steady 
states of a simplified version of the model is presented. 
Keywords: EROI, net energy analysis, growth, Ramsey-Hotelling, energy depletion. 
JEL Classification: Q00, Q43, O13. 
 
 
  
Resumen 
Este artículo presenta un modelo de crecimiento dinámico con la energía como un input en 
la función de producción. El stock de recursos energéticos disponibles se ordena por un 
parámetro de calidad basado en la contabilidad energética: la tasa de retorno energético 
(TRE). Por lo que sabemos esta es la primera vez que la TRE encaja en modelo de 
crecimiento neoclásico (con maximización individual de la utilidad y equilibrio de mercado) 
estableciendo así el uso del “análisis de rendimiento energético" sobre una base teórica más 
firme. Todos los conceptos necesarios para enlazar la economía neoclásica con la TRE se 
discuten antes de ser usados en el modelo, y se presenta un análisis comparativo del 
estado estacionario de una versión simplificada del modelo. 
Palabras clave: EROI, análisis de energía neto, crecimiento, Ramsey-Hotelling, agotamiento 
energético. 
Códigos JEL: Q00, Q43, O13. 
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1 Introduction 
The economic impact of energy depletion has been a classical issue in economics at least 
since “The Coal Question” (Jevons, 1865) was published, introducing the problem of the 
physical sustainability of a productive system significantly reliant on non-renewable resources. 
The description of the optimal path of depletion of a non-renewable resource was a problem 
solved using variational calculus in the earlier years of neoclassical economics 
(Hotelling,1931), but neoclassical growth theory (Cass,1965; Koopmans,1965) was based on 
production functions that only included capital and labour as inputs. The reasons for this 
deviation from the classical economic thought of Smith and Ricardo (where natural resources 
were the third production factor, named “land”), were mainly empirical: post-war in the United 
States, the importance of the agricultural sector was decreasing, and raw materials and 
energy sources were cheap and abundant. 
On the other hand, in the two hundred years since the Industrial Revolution, 
economic growth has been related not only to an increasing level of productivity and 
capital accumulation, but also to an equally sustained increase in energy use. This 
happened in a feedback process, where technical progress itself (let us take the 
invention of the steam engine as the canonical example) created an increasing demand 
for energy (coal) and provided the means to accordingly increase supply (the steam 
engine was, first of all, used in coal mining). Energy use and economic growth moved 
(between 1890 and 1973) in a co-integrated fashion (Cleveland et al, 1984), but the 
statistical relation weakened after the oil crisis. 
As a reaction to the neoclassical neglect of the extensive use of natural resources 
(especially energy) in industrial development, a theoretical body of economic thought emerged 
(Ecological Economics) stating that economic growth after the Industrial Revolution was 
based on the depletion of the stock of fossil fuels (Cotterel,1955; Hubbert, 1956; Georgescu-
Roegen, 1971; Odum, 1976; Cleveland, 1999a; Mayumi 2001), and asserting that economic 
scarcity was at least partially derived from thermodynamic constraints.  
A main tool used by ecological economists was “net energy analysis”, defined 
(Cleveland, 1992) as a “technique for evaluating energy systems […] which compares the 
quantity of energy delivered to society by an energy system with the direct and indirect energy 
used in the delivery process”. The technical development of net energy analysis was 
conducted by engineers to compute the energy life cycle of some products and installations 
(Thomas, 1977; Hendrickson, Lave & Matthews, 2006) and by ecological scientists, extending 
to human civilization the energy flow analysis developed for ecosystems (Odum, 1983). A 
relevant measure derived from net energy analysis is the EROI (“Energy Return on Energy 
Investment”), defined as “the ratio of energy delivered to energy costs”. These costs are the 
direct energy costs (fuel and electricity used in the process to obtain the final useful energy) and 
the indirect energy costs (the energy embedded in the capital goods used by the energy 
production sector).  
The economic relevance of “net energy analysis” and particularly of EROI is still a 
controversial issue (Cleveland 1991, 2001), and is discussed in section 2 of this article. 
The first advantage of EROI is that it is a physical measure (instead of a monetary one). The 
classification of natural resources by “monetary costs” (Hotelling, 1931; Chakravorty, 
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Roumasset & Kinping Tse, 1997) is a reasonable first approach to describe quality 
heterogeneous natural resources, but it cannot be directly used in a general equilibrium 
model, because monetary costs should be the result of the market interaction between 
demand (derived from subjective preferences) and supply, derived from the endowments  
of resources and production functions, which are the mathematical description of 
technologically feasible transformations of commodities into other commodities (Mas-Collel, 
Whinston & Green, 1995). Physical descriptions of resource scarcity (such as EROI) are the 
natural inputs to describe natural resource in general equilibrium models, while “monetary 
costs of extraction”-based models are making hidden hypotheses that can lead to 
significant biases when production conditions change significantly from their present state. 
For example, energy depletion could impact the replacement cost of capital or the cost of 
labour (wages), which are significant determinants of energy production costs; in a model 
where energy resources are classified by (fixed) production costs, these second-round 
effects of energy depletion in the cost of energy goods are not considered (Pearce, 2008; 
Kenny, Law & Pearce, 2010). 
The second advantage of EROI is that it is an aggregate measure of energy 
efficiency at the scale of the whole economy. The physical efficiency of energy production 
processes is a determinant of prices and produced quantities of energy goods, and EROI is 
a sensible measure of energy efficiency that can be compared across very different energy 
sources. Further, average EROI of the energy production system of a given economy is an 
aggregate, and a more detailed description of the physical scarcity of the different energy 
sources (the ore grade of uranium mines for nuclear fuel, the thickness of seam for coal 
mines, the size and deepness of oil and gas fields) can be used in a Ramsey-Hotelling 
model to predict depletion paths of natural resources and the impact of natural resource 
depletion in consumption1. As usual in economics, there is a trade-off between low-level 
modelling (where detailed descriptions of physical scarcity and technology are used) and a 
high-level description of the relations between the economy and the energy system. In low-
level descriptions, the exactness, precision and greater realism of the model imply more 
sensitivity to modelling choices and the description of the technology, while high-level 
models are less sensitive to particular technology and modelling choices (but still depend 
on high-level assumptions), and their results are more transparent and understandable.  
In our opinion EROI is the most natural candidate to introduce efficiency in energy 
production (affected by natural resource depletion and technological change) in long-run 
macroeconomic models of growth, and that is precisely what we have done in this paper. 
While the issue of the macroeconomic impact of energy efficiency has been considered in 
previous articles (van Zon & Yetkiner, 2003), the energy efficiency parameters included  
in those models were theoretical, while EROI is an observable quantity, and its use in a long-
run macroeconomic model could be a first step to the introduction of energy efficiency in 
growth accounting (Solow, 1957; Barro 1998). 
Since 2000 there have been a few peer-reviewed articles and some books about the 
methodology and economic applications of EROI (Cleveland, 2001; Hall, 2009; Pimentel 
2008). The interest in economic applications of EROI by environmental scientists was 
reflected in an array of publications in natural science reviews, including publications in Nature 
(Hall et al, 2003), the American Scientist (Hall & Day 2009), the Annals of the New York 
                                                                          
1. See Chakravorty, Roumasset & Kinping Tse, 1997 for a similar model, but based on monetary extraction costs. 
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Academy of Sciences (Murphy & Hall, 2010) and “Ambio” (Mulder & Hugens, 2008) and a 
special issue of “Sustainability” (Hall, 2011).  
This article makes two original contributions: first (see section 4) in the conceptual 
realm we point out that EROI is a leverage ratio between energy as an input and energy as an 
output for the energy production sector of an economy, and its economic impact depends on 
the non-energy costs of running the energy sector. Secondly, the previous observation allows 
us to naturally include EROI in a neoclassical growth model (section 6).  
To summarize the conceptual contribution, the economic impact of a change in the 
EROI of the energy sector of a society depends on some non-energy cost of the expansion 
and maintenance of the energy production sector of that society, because if the energy 
production sector could be expanded for free, any decline (not below one) in the EROI of the 
available energy sources (which is an efficiency ratio) could be compensated for free of 
charge by an expansion of the scale of activities of the energy sector. Once EROI is properly 
interpreted and the “cost of leverage” is modelled, the EROI parameter naturally fits in a 
neoclassical growth model2. We present that model in section 6.  
The economic impact of the reduction in EROI that our society would face as the 
result of the depletion of the best-quality fossil fuels has been a permanent concern for 
ecological economists. There have been many qualitative hints in the Ecological Economics 
literature along the lines that the impact of the reduction of EROI on final consumption, 
welfare and population could be significant and even catastrophic: an article by Manno (2011) 
describes alternative societal scenarios under the hypothesis of a declining EROI, some of 
them implying societal collapse or generalized authoritarian regimes to manage the transition 
from a high- to a low-EROI society, while Hall & Day (2009), after reviewing the history of the 
controversy between mainstream and ecological economists, warn of the possibility of a 
sudden reversal in economic growth (“peak everything”) as a result of peak oil. 
Apart from qualitative assessments of the earlier-discussed impact of EROI decline 
on consumption, Bassi, Powers & Schoenberg (2009) published the results of a detailed 
simulation exercise, where average EROI for US energy production is explicitly used to model 
the economic outcomes of energy depletion. Their results for 2050 are that with a change  
in the EROI of oil and gas from around 11 (2005) to around 6 (2050), the “discretionary 
consumption” (consumption after basic needs are met) will reduce its weight in all economic 
flows from 36% to 15% (implying a severe reduction in total per capita consumption) and 
discretionary investment (beyond capital replacement) would totally disappear. The weight of 
energy production in all economic flows would increase from around 10% to 22%. This 
forecast exercise (not based on standard economic equilibrium tools) implies a severe 
reduction in personal consumption mainly derived from the impact of depletion in the EROI of 
the energy sector. On the other hand, in this paper the impact of a reduction in average EROI 
for the energy sector from 10 to 5 would imply (depending on capital-energy substitutability) a 
reduction in per capita consumption of less than 10%, a significant but not catastrophic 
decline, but our impact computation is based on steady-state comparative statics (the cost of 
transition is not taken into account) and does not include the effect of population growth.  
 
                                                                          
2. The use of net energy analysis in neoclassical economics has been unusual only with a few interesting applications, 
mainly concentrated in international trade: Baumol & Wolff (1981), Hong (2007). 
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The following sections of this article are organized as follows: in section 2 the main 
concepts of energy accounting and net energy analysis (with a special emphasis on EROI) are 
presented. Section 3 sets out a description of mineral resource accounting and some stylized 
facts on natural resource depletion (with a special focus on energy). Then, some limitations of 
classical natural resource accounting are discussed and, in order to overcome them, a 
mathematical description of global energy scarcity based on EROI is proposed: the energy auto-
consumption curve. In section 4, the relationship between the stocks of reserves of primary 
fuels, the capital installed in the energy sector and the flow of useful energy delivered into the 
economy is explored. Section 5 presents a mixed CES-Cobb-Douglas production function with 
energy, capital and labour that allows a flexible specification of long-run capital-energy 
substitution. In section 6 we present the Ramsey-Hotelling-EROI model whose elements were 
discussed in the previous sections. In Section 7 the steady-state of the model for different levels 
of energy auto-consumption is computed, and a comparative static analysis of these steady 
states is performed. Section 8 draws the conclusions of the paper and points to possible 
avenues for our future research. 
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2 Energy accountancy: EROI and its economic relevance 
The first issue before discussing energy accountancy is to assess to which extent “energy” is 
really a composite good. The oil, gas, coal or uranium, which form the bulk of primary fuels 
are different goods that are bought and sold in different markets and whose prices do not 
always move together. In addition, these primary energy sources are used to produce 
different forms of secondary energy, being the most important the liquid fuels for internal 
combustion engines, heat, and electricity.  
In addressing these goods jointly it should be considered the degree of 
substitutability among them. Empirical work has found a low substitutability between 
energy and capital and limited inter-fuel substitution in the short-term, and a higher one is 
found in the medium and long-term (Sweeney, 1984; Atkenson & Kehoe, 1999). This is not 
a surprise, because with a given stock of installed capital there is a very tight relation 
between economic output and energy inputs. On the other hand, in the long run, capital 
installation decisions depend on the relative prices of different energy inputs, making the 
long-run fuel demand far more elastic.  
From a more fundamental viewpoint, there are known physical processes that 
allow the transformation of any form of free energy3 into other: that is, chemical energy can 
be easily turned into a temperature differential (combustion), a temperature differential  
can be turned into mechanical work (in turbines or engines), mechanical work can be 
transformed in electricity (with an electric generator), that can be turned into a chemical 
potential (in a battery) or a temperature differential (through a resistance). With a positive 
(but arbitrarily small) increase in entropy (a reduction of free energy) and the use of physical 
capital, energy forms can be transformed among themselves. Additionally, the laws of 
thermodynamics imply that any macroscopic process has to be sustained with the 
consumption of free energy. Both facts point to the fact that energy is an essential input for 
all economic processes and that there are physical processes that guarantee substitution 
between different energy sources. 
As a result of the fundamental laws of physics and the stylized facts from energy 
economics we consider that (at least in the long-run) energy can be aggregated as 
composite good.  
As explained before, a measure of the cost of delivering a unit of useful energy into 
the economic system is the EROI. The definition of EROI, (the ratio of energy delivered to 
energy costs), can be expressed mathematically. Supposing that the production of E units of 
the final deliverable energy needs the use of nEE ,...,1 thermal units of the energy sources 1 
to n, the EROI is: 
 
                                                                          
3. The energy that can be used to do useful (macroscopic) work. In a closed system, where the energy of the system if 
fixed by the First Law of Thermodynamics , free energy decreases when the entropy of the system increases.  
1 ... n
EEROI
E E
  
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A well-known problem of net energy analysis is the issue of energy quality. In some 
net energy analyses, inputs and outputs of different types of energy are aggregated by their 
thermal equivalents (measured in British thermal units, joules, or equivalent barrels of oil), as in 
the previous formula. The thermal equivalent approach ignores the important fact that there 
are relevant economic characteristics beyond heat content: a thermal unit of electricity is able 
to generate more economic output than a thermal unit of petroleum, and a thermal unit of 
petroleum generates more economic output than the same thermal unit of coal (Kaufmann, 
1994). Most net energy analysts accept the principle of energy quality correction, but no 
standard methodology is still on place.  
All methodologies for quality-corrected energy accounting are based on the “quality 
correction” of the original definition of EROI. Being n ,...,, 1  quality correction weights, 
the quality corrected EROI is: 
 
 
Plain heat-content EROI is a metric based in the First Law of Thermodynamics 
(energy conservation law), while quality-corrected EROI is associated with the Second Law  
of Thermodynamics, which creates a hierarchy among energy forms based in the ability of 
energy to do useful (macroscopic) work. Some entropy-based methodologies for quality 
correction in energy analysis have been developed (exergy and emergy analysis, for example). 
But all thermodynamic measurements of quality are based on ideal energy cycles and not in 
the actual use energy by the economic system. To build economically relevant energy quality 
correction weighs, it has been proposed (Cleveland, 1992, 2001) the use of some long-run 
averages of relative energy prices. Cleveland’s methodology is supported by Kauffman’s 
(1994) paper, that concludes that “rational agents manipulate their use of coal, oil, natural gas 
and electricity so that the marginal product of these energies adjust to changes in the relative 
prices of these energies.” 
In order to include both direct and indirect energy costs of an economic process 
there is a methodology named Economic Input-Output Life Cycle Analysis4 (Hendrickson, 
Lave & Matthews, 2006). This methodology takes a given economic process, computes the 
direct inputs used by that process, and for all those inputs, the input-output Leontief matrix in 
inverted to obtain the energy costs incurred across the added value chain from the primary 
sources (raw materials) to the considered output. The combination of life-cycle analysis and 
input-output accounting provides a comprehensive and system-wide computation of the 
energy costs of a given economy (Murphy, Hall, Dale & Cleveland, 2011; Henshaw, King & 
Zarnikau, 2011). When applied to an economic process whose output is an energy product 
(the gasoline production process from the oil rig to the service station, or coal produced 
electricity from the coal mine to the plug) the result of dividing (quality corrected) energy 
outputs by quality corrected energy inputs is precisely the quality corrected EROI.  
The economic relevance of net energy analysis is the subject of a hot controversy, 
between those who consider that the only relevant measure of scarcity is the market price of 
different fuels, and those that consider energy analysis as important, or even as the most 
                                                                          
4. An interesting resource to perform Economic-Input Output Life Cycle Analysis is the EIO-LCA model, developed by 
the Green Design Institute of the Carnegie Mellon University (www.eiolca.net). 
1 1
_
... n n
EEROI q
E E

   
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important measure of scarcity. In Cleveland (1992) three main arguments are given for the 
relevance of EROI: net energy analysis assesses the change in the physical scarcity of energy 
resources, and therefore is immune to the effects of market imperfections that distort 
monetary data; it is a measure of the potential to do useful work in economic systems; and 
consequently quality corrected EROI can be used to rank alternative energy supply 
technologies according to their potential abilities to do useful work in the economy. 
The three arguments are relevant, but in our opinion, there is no contradiction 
between market price and EROI. Competitive market price is (at least under perfect 
competition and rational expectations) the best available measure of economic scarcity. But 
economic scarcity is not only the result of the subjective preferences of the agents and the 
structure of production, but also the result of physical scarcity. Conversely, physical scarcity is 
an essential determinant (but not the only one) of economic scarcity, which combined in the 
market process with the production function and the subjective preferences of the agents, 
generate the best indicators of economic scarcity: the market prices of the different energy 
sources. In our opinion EROI plays a role in energy economics similar to “ore grade” in mineral 
resource economics. No mineral resource economist deny the relevance of marginal ore 
grade to understand the price level of a given mineral (Phillips & Edwards, 1976); on the other 
hand models of energy prices use ore grade of available resources as a relevant determinant 
of prices, but of course, not a substitute for them (Shinkuma & Nishiyama, 2000).  
Some measures are better than EROI to capture physical scarcity of a given energy 
source: the ore grade of uranium mines for nuclear fuel, the thickness of seam for coal mines, 
the size and deepness of oil and gas fields, etc. But all these physical measures are 
incommensurable among different energy sources. On the other hand, EROI has the 
advantage of being a mostly physical measurement, and a uniform one across different 
energy sources. That is, the average quality corrected EROI provides a straightforward 
comparison between American coal, Saudi oil and Russian gas and provides a one-
dimensional and robust (physically based) metrics for energy scarcity, and the time evolution 
of EROI measures energy resources depletion (Cleveland, 2001). In the following table we 
provide estimations of the average quality corrected EROI of some energy sources5. 
 
                                                                          
5. The case of nuclear energy is involved in such a controversy with estimations that range from less than one to more 
than ninety that I have decided to no include it in the table, while hydropower is very much site specific, and “average 
EROI” does not make much sense for it. 
Quality Corrected EROI for selected energy sources
Energy Source
Quality corrected 
EROI Reference
Oil & Gas, US,1954 18 Cleveland, 2001
Oil & Gas, US,1974 12 Cleveland, 2001
Oil & Gas, US,1997 11 Cleveland, 2001
Refined gasoline, 1997 ~7 Cleveland, 2001
Coal, mine mouth, US, 1954 ~25 Cleveland, 1992
Coal, mine mouth, US, 1987 ~25 Cleveland, 1992
Wind 10‐15, site specific Kubiszewski, Cleveland, Endres, 2009
Solar Photovoltaic ~4 Battisti and Corrado, 2005
Biofuels <1 Pimentel, 2008
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For mathematical convenience, we define “energy auto-consumption” as the inverse 
of the EROI (the amount of quality corrected energy that is consumed in energy producing 
processes to deliver a final unit of energy to the non-energy sector of the economy). Auto-
consumption moves between 0 and 1 for energy sources (it is bigger than 1 for energy sinks). 
From now onwards, in this paper both EROI and auto-consumption are quality corrected, 
unless otherwise indicated. 
obtained-energy-corrected-Quality
spent-energy-corrected-Quality
E
EE
qEROI
nconsumptioAuto nn  
 ...
_
1 11
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3 Resource quality, depletion and the energy auto-consumption curve as  
a comprehensive representation of mineral and energy resources 
The economic theory of resource depletion is well known at least since Ricardo used the 
concept of marginal productivity of the land factor as the basis for his theory of land’s rent. In 
almost any country in the world large tracts of uncultivated land exist side by side with a positive 
income of the land factor: Ricardo managed to explain this apparent paradox pointing out that 
the rent is not paid by the absolute scarcity of the resource, but by the relative scarcity of high 
quality land (Ricardo, 1817). Similarly, the total amount of free energy available to  
the world economy could be virtually infinite, and yet the depletion of the cheapest energy 
sources would continue to have economic consequences, as it would require the use of larger 
volumes of labour and capital to obtain the same amount of economically useful energy.  
In mineral accounting (Nordhaus, 2006) “reserves” are defined as the quantity of 
known recoverable resources with the available technology in the neighbourhood of the 
current market prices. The stock of proven reserves of a mineral is determined by the result  
of three accountancy flows: production, discoveries and reclassifications. Production reduces 
the amount of proven reserves by the produced quantity, where discoveries increase it by the 
discovered amount. Reclassifications link the accountancy flows with economic forces: when 
prices increase or technology improves, some old resources not economically recoverable 
can turn profitable, and consequently they are “reclassified” as reserves. Two opposite forces 
dominate the history of metallic mining in the last two centuries: on one hand, there has been 
a sustained reduction in ore grades, both in average value and variance (Mudd, 2009; Philips 
and Edwards, 1976). In line with the economic theory, in the beginning of geological 
exploration there are swings in average ore grades, related to the discovery of new mining 
provinces, but when geological knowledge improves, the rule of resource extraction by order 
of cost drives the market (Reynolds, 1999). This means (see next graph, from Mudd 2009) 
that the reduction in the quality of the mineral resources as a result of depletion is a well-
documented reality. 
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On the other hand, real prices of metals look stationary and production6 growths 
exponentially, without a reduction in reserves (see next graph, for the case of copper, which is 
typical). This means that during the Industrial Revolution, productivity in the discovery and 
extraction branches of the mining business have always been able to overcome the economic 
effects of depletion. If we make the hypothesis that productivity growth can be indefinitely 
sustained, and the exhaustible resource is substitutable in the production function the 
exhaustible resources can be used in a sustainable fashion if any consumption of natural 
capital is compensated with an increase of the stock of produced capital (Hartwick 1977, 
Dasgupta 2001, Ridley 2010; World Bank, 2010; Gelb, Kaiser, Viuela, 2011). On the other 
hand, for models with capital depreciation, no productivity growth and an essential 
exhaustible resource (like the one proposed in this article), no positive level of consumption is 
sustainable (Dasgupta & Heal, 1974). 
 
In the case of fossil fuel mining we find the same stylized facts that we have 
discussed in the case of metallic minerals (see next graph). Reserves increase in the 1970-
2010 period: that is, discoveries and reclassifications have been able to more than replace 
production. Real prices do not show any discernible trend: their high levels in the first decade 
of the XXI century are analogous to those reached in the seventies of the XX century. In any 
case, physical limitations look more binding in the case of oil than in the case of natural gas: 
oil prices are more volatile and its reserves to production ratio is higher (46 years for oil, 58 for 
gas). Coal, on the other hand, show both very low price volatility and an extremely high 
reserve to production ratio (118 years).The estimated total amount of available oil (the main 
energy source) is involved in much controversy (Hirsch, Bezdeck & Wendling, 2005; 
Cleveland & Kauffman,1991), and indeed the date on which its production will peak. 
 
                                                                          
6. Production from mines, excluded recycling. 
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FOSSIL FUELS, WORLD, 1970-2010
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Using EROI as the quality measurement for the fossil fuel resources (see graph from 
Cleveland 2001) the same depletion pattern of the rest of the mining industry is apparent: the 
quality of resources declines over time (EROI decreases) for the oil and gas industry in the US, 
and EROI plays the same role as a quality indicator in the fossil fuel mining that ore grade 
plays in metallic minerals mining.  
 
In any case, the mere display of the stock of reserves of the main primary fuels (oil, 
gas, coal and uranium) is incomplete because infra-marginal resources that are not 
presently profitable to recover are not included in the proven reserves, but some of them 
will become profitable in the course of the depletion process. From an economic 
standpoint, a more comprehensive economic description of the available resources of a 
given mineral commodity would be a curve classifying its stock by extraction cost. Although 
no institution is currently publishing these curves for the world reserves of the main primary 
fuels, a similar analysis was done for the US coal resources (Zimmerman, 1977).  
With energy auto-consumption as the measure of relative depletion, we can classify 
all energy resources (measured in quality corrected thermal units) by their auto-consumption 
levels. The auto-consumption curve would take for every level of auto-consumption the total 
amount of energy available at that energy auto-consumption level (we will call that curve Q(.) 
in the rest of this paper).  
In the chart below, the sketch of an auto-consumption curve is shown, giving for 
each level of auto-consumption (percentage) the volume of energy (corrected for quality) in 
thermal units. In the left panel energy available to the world economy is finite, while on the 
right one there is a scalable renewable energy source (represented as an asymptote). 
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Given the Q(.) curve the total energy available for the World economy would be: 
 
 
But, a part of that energy would have to be used to produce energy for the energy 
sector itself, so net deliverable energy would be: 
 
 
The energy auto-consumption curve will be the one-dimensional representation of 
physical energy scarcity in our model.  
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4 Installed capital in the energy sector: the link between the stock of reserves 
and current production 
There is not controversy about the fact that EROI (or energy auto-consumption) is a good 
measure of absolute depletion. The economic system (as all macroscopic systems in general) 
should be able to obtain free energy from its environment, and it cannot work based on energy 
sources that deliver less useful energy than they consume. Energy sources with an EROI smaller 
that one (more than 100% auto-consumption) are “energy sinks”, instead of sources. 
But for energy sources with an EROI higher than 1 (auto-consumption smaller than 
100%), the relevance of EROI is not so direct. Let’s suppose that an economy runs its energy 
sector with an EROI of 10 (10% auto-consumption) and the energy sector produces 100 units 
of energy for the rest of the economy (it produces, then, 100/(1-0.1)=111 energy units, consuming 
itself 11.1 energy units). When the EROI decreases to 5 (20% auto-consumption), in order to 
produce 100 units of energy for the economy, the energy sector would need to produce 
(100/(1-0.2)=125) total units. Following this example it is obvious that for every EROI higher 
than 1 (auto-consumption smaller than 100%), it is always possible to expand the activities  
of the energy sector to attain any desired level of energy production. 
As a consequence, the problem with a decrease in the EROI of the energy sources 
in use is not that it is necessary to use more energy to produce energy, but that it is 
necessary a bigger amount of labour (both current and/or stored in form of capital) to deliver 
the same energy to the economy as a whole. Then, any model trying to assess the economic 
effects of a decrease in the EROI of the energy sector should explicitly model some non-
energy cost that is supposed to be linked to the expansion of the energy sector (if that 
expansion is free in terms of all non-energy inputs, the EROI is not a good measure of relative 
depletion). In our model, the non-energy cost linked to the expansion of the energy sector 
when EROI decreases will be the cost of the installed capital in the energy sector. 
The most important issue in the short and medium term controversy on energy 
shortages and their impact is referred to the difficulties in converting reserves into production 
when the world economy is forced to use more marginal energy deposits (Robelius, 2007). 
Turning reserves into production is not a process that can be made at will: even though on 
many occasions (notably 1973) oil prices have increased very significantly, the ability of the oil 
industry to meet these price increases with a fast supply expansion has proven to be limited. 
The reason for this rigidity is that turning reserves into production requires the installation of an 
additional stock of capital7. The capital stock necessary to produce a unit of energy is higher the 
more marginal (higher energy auto-consumption) is the energy resource to be extracted.  
In the model that will be presented in the next section it is assumed that the amount of 
energy that can be obtained with a given stock of extractive capital is proportional to the level  
of energy auto-consumption of the energy source we are considering. For example, if a given 
amount of extractive capital is capable of extracting 100 (quality corrected) thermal units of 
energy in a 10% energy auto-consumption site, for a 20% auto-consumption site, the same 
amount of capital can extract only 50 (quality corrected) thermal units of energy: this means that 
we suppose that the energy sector has a capital-energy fixed proportions production function.  
                                                                          
7. Apart from the lags related to the geological exploration process that will not be considered in this paper. 
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5 Energy-capital substitution: the CES-Cobb-Douglas production function 
In the late seventies, after the oil crisis, there was a great deal of controversy between those 
who considered that resources put a cap to growth, and those who considered that 
increasing productivity and resource substitution could always allow to the world economy to 
grow even when some finite resource is essential for production (Stiglitz, 1974; Georgescu-
Roegen, 1975). After that, ecological economists and mainstream energy economics have 
continued the controversy about the energy-capital substitution, with ecological economics 
having a more pessimistic view of substitution limits, and mainstream energy economists 
being more optimistic on the long-run value of this parameter.  
There is a significant empirical evidence of long-run substitutability between energy and 
capital. In Sweeney (1984) the following stylized facts on inter-fuel and capital-energy 
substitution are stated: 
“Demand responses to higher energy prices typically involve substitution of other 
factor for energy, one energy carrier for another or both mechanisms”. 
“Most energy is used in conjunction with long lived capital equipment which once in 
place has fairly fixed energy requirements per unit of equipment use” 
“Long-run energy price adjustments tend to be substantially greater than 
adjustments occurring after several years or even a decade. Thus conservation and inter-fuel 
substitution motivated by price raises can continue to increase for many years after prices 
stop rising”. 
In order to account for the discrepancies between long and short-run substitution, a 
putty-putty capital model of energy demand can be used (Atkenson & Kehoe, 1999). Our 
interest in the model developed in this article are the long run trends in consumption and 
welfare under energy depletion, so the substitution parameter in the production functions 
should be interpreted as the long-run one. 
Then, we propose a production function where labour and “capital services” are 
combined in a Cobb-Douglas function that accounts for the most important long-run stylized 
facts of growth (Stresing, Lindenberger & Kümmel, 2008). On the other hand, capital services 
are the result of a CES production function combining capital and energy. 
 
 
Where, K is capital, L is labour, and E is energy. The α parameter is the marginal 
productivity of capital services ([1-α] is labour marginal productivity), and β is the long-run 
capital-energy substitutability parameter. 
 
     1 1( , , ) (1 )F K E L a K a E L          
BANCO DE ESPAÑA 24 DOCUMENTO DE TRABAJO N.º 1217 
The β parameter in the CES-Cobb Douglas production function is related to the 
capital-energy substitutability, with the elasticity of substitution between capital and energy 
being: 
 
 
For ,1  the elasticity of substitution between capital and energy tends to be 
perfect, meaning that it is easy to compensate energy depletion with an increase in the capital 
stock, while for ,  the CES function tends to be closer to a fixed proportion function, 
where the production level is determined by the less abundant input. For β=0, the CES 
function is a mere Cobb-Douglas. For CES functions,  is exactly the Morishima elasticity 
(Anderson & Moroney, 1993), a parameter whose long-run value is estimated to move 
)73.1,70.0( with a best estimate of 1.21 (Koetse, De Groot & Florax, 2006), implying 
)42.0,42.0( with a best estimate of -0.17.  
 
  
1 , ( 1, )
1
    
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6 The Ramsey-Hotelling-EROI model 
We present a Ramsey-Hotelling (Ramsey, 1928; Hotelling, 1931; Chakravorty, Roumasset & 
Kinping Tse, 1997; Chakravorty & Moreaux, 2008) type model, which describes the evolution 
of an economy consisting of a representative risk-averse household whose level of 
consumption appears discounted at a rate ρ. 
 
 
The representative agent is endowed with a fixed amount of labour (a unit in every 
moment per person) and the production function is the CES-Cobb Douglas presented in 
Section 5. In the CES-Cobb-Douglas function, the raw energy extracted (v) is corrected by 
the energy auto-consumption (e) at time t. The rest is a classical equation of accumulation-
depreciation of capital. 
 
 
The energy sector is defined as the one that turns natural inputs into usable 
energy: to fix ideas, a car engine is not part of the energy sector, but the station serving fuel 
is. The energy sector is modelled separately from the rest of the economy to avoid double 
counting, because the direct energy costs and energy content of the capital in the energy 
sector are already discounted in the definition of EROI (or energy auto-consumption). For 
example, a piece of machinery (a hammer) used in the overall economy requires energy 
consumption to be produced, which appears in the CES-Cobb-Douglas function above. If 
the same hammer is used in the energy sector, the energy invested in its production is 
detracted as energy auto-consumption ( te1 ) and must not appear on the production 
function of that unit of capital.  
That is, Ek represents the capital necessary to produce m  that is the flow of 
investment that accumulates into the stock of extractive capital M . Then the following 
equation is the same capital accumulation-depreciation equation as the accumulation of 
capital, but without the energy input: 
 
 
And machinery for the energy sector (m ) accumulates and depreciates building up a 
stock of energy extraction and processing machinery (M). 
 
 
 
, ,
0
max
T
t
tc l m
e u c dt
   1 1(1 ) (1 )t t t t t t tk ak a e v l c k            
1( ) (1 )E E Et t t t tk k l m k
     
t t tM m M 
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So M represents the energy-producing capital (nuclear power plants, oil rigs, coal 
mines and power plants that convert primary into useful energy), while Ek  represents the 
capital used to produce that capital (including the factories producing the energy equipment, 
the foundries that produce the steel used for that equipment, and the construction equipment 
used to build any facility in the energy sector, but without any energy cost included, since 
these are directly detracted in the energy auto-consumption curve). The installation of capital 
in the energy sector can increase energy production, but as the economy moves towards 
greater levels of auto-consumption (because of depletion), a given amount of capital can 
extract a decreasing volume of raw energy. Energy production is directly proportional to the 
capital installed in the energy sector and inversely proportional to current energy auto-
consumption (see section 4):  
 
 
Given Q(.), the energy auto-consumption curve (see section 3), depletion is 
represented as the movement of the contemporary auto-consumption level ( te ) towards a 
higher level, and the movement of that depletion variable is directly proportional to the 
extraction of raw energy, and inversely proportional to the amount of resources at each level 
of auto-consumption. 
 
 
No negative levels of labour ( tl , tl1 ), consumption ( tc ), or investment are 
allowed. Then: 
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So finally the following optimal control model, with {c, El , m} as controls and  
{ eMkk E ,,, } as state variables, should be solved to assess the evolution of consumption, 
welfare, and the amount of labour devoted to the energy sector: 
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7 Steady-state comparative statics 
If the energy resources available to the world economy are finite, there is no steady-state for 
the Ramsey-Hotelling-EROI model: given that no productivity growth term has been included 
in the model, the depletion of resources gives place to a consumption path that tends to zero 
(see Dasgupta and Heal, 1974 for general results on exhaustible resources with no 
productivity growth). 
On the other hand, if a scalable and renewable energy source exists (solar or nuclear 
breeders, for example), there is a path of the model that optimally depletes non-renewable 
resources up to the point where the first scalable renewable energy source supplies all the 
energy demand. In this case, there is a steady state, that can be easily computed fixing 
eet  . To compute the steady-state under the stated conditions, the three last inequalities 
in the Ramsey-Hotelling-EROI model that will hold for sure in a steady-state, should be 
dropped. Then, the model (with e as a parameter instead of a variable) becomes: 
 
 
 
 
 
 
 
Using the Pontryaguin necessary conditions for the above system and imposing 
steady-state conditions, an steady-state for the variables },,,,,{ cMmkkl E can be 
computed given the parameters },,,,,{ ea  . To simplify the equations, the following 
parameters are defined: 
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Then, the following equation allows us to compute labour in the non energy sector (l) 
in steady state, numerically solving a one-dimensional equation: 
 
The equation has a structure glF ea )(,,,,,  . The function F(l) has a value of 
zero for l=0, and grows to infinity if 0 , and it decreases from infinity to zero if 0 . 
As a result, for g positive (that is, 0<e<1) there is always a value of l solving the equation (see 
chart below).  
 
 
 
 
 
 
 
The following equations give the rest of variables in steady state: 
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With the above equations, steady-state comparative statics will be performed. The 
full list of parameters determining },,,,,{ cMmkkl E is },,,,,{ ea  . The parameters 
},,,{  a will be fixed and a few representative values of β will be chosen, and for those 
values it will be shown how the percentage of labour used in the non-energy sector (l) and the 
consumption level (c) evolve for all sensible values of energy auto-consumption (between 2% 
and 60%). That is, we will graph and briefly comment the curves )(el  and )(ec  for 
)6.0,02.0(e and for a few values of β. As discussed in section 5, the empirical range  
for β is )42.0,42.0( with a best estimate of -0.17, but the long-run substitutability 
between capital and energy is the subject of a hot controversy, so in this work we will 
consider a wider range of values for β }{ .5,1,2,5-0.1,0.1,0-0.5,-0.3, . 
Depreciation is set at 4% (δ =0.04) as a compromise between very different empirical 
estimations: Musgrave (1992) estimates depreciation to move between 3% and 3.8% yearly, 
while Nadiri & Prucha (1996) estimate a 5.9% for tangible assets and R&D in the US 
manufacturing sector.  
The subjective discount factor is supposed to be a 2% (ρ=0.02), in the middle of 
Belzil & Hansen (1999) estimated range (1%-5%). The subjective welfare function (u(.), that 
determines risk aversion) plays no role in the steady-state level of the variables (but it is 
important to determine the convergence speed), so it will not be chosen in this exercise. 
For the Cobb-Douglas part of the CES-Cobb-Douglas function, the marginal product of 
capital services is 40% (α=0.4), while the marginal product of labour is 60% (1-α=0.6), 
which are their standard levels on the literature for developed countries (see Bentolila, 2003 
and Danxia Xie, 2011).  
The capital services are produced combining capital with energy under a CES 
production function. The CES production function has two parameters: The a parameter 
gives the weight of factors (capital and energy) in the production of capital services and β is a 
parameter regulating the elasticity of substitution between energy and capital. When β=0, the 
production function has a as the parameter of a Cobb Douglas. We set (a=0.1), that for  
the Cobb-Douglas case (β→0), fixes the marginal product of energy in the 4%, which is in line 
with the empirical estimations (Atkeson & Kehoe, 1999).  
In the following table we present all the parameters in the model, the value set in this 
steady-state comparative statics exercise and their empirical range in selected references. 
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In steady-state (where capital accumulation stops), for a given e, the only scarce 
factor is labour, so the best measure of the relative size of the energy and non-energy sectors 
is precisely the labour use in the non-energy sector (l) and in the energy sector (1-l). In the 
graph below the curves )(el  are shown for }{ .5,1,2,5-0.1,0.1,0-0.5,-0.3, .The curve 
corresponding to the Cobb-Douglas case (β→0) should move between the curves with  
β=-0.1 and β=0.1. In the graph below, )(el . 
 
 
 
 
 
 
 
 
 
Parameters of the model and their empirical range
Economic factor Name in 
the model
Value in the 
model
Empirical range
Representative agent preferences
     Subjective Discount ρ 2% 1%‐5% (Belzil & Hansen, 1999)
Production function
     Cobb Douglas with capital services 
and labour as inputs
          Capital services share α 40%
For OECD Countries: 30%‐40% 
(Bentolila, 2003). Fon developing 
countries: 40‐50% (Danxia Xie, 
2011)
     CES for capital services with capital 
and energy as inputs
           Capital energy substitution β {‐0.5, ‐0.3, ‐0.1, 
0.1, 0.5, 1, 2, 5}
95‐percentil range: (‐0.428,0.421); 
Best Estimate:‐0.173 (Koetse, Groot 
& Florax, 2006 )
           Capital energy proportions a 4% Atkenson Kehoe, 1999
Capital depreciation δ 4%
Musgrave, 1992: Range: (3%‐3.8%); 
Best Estimate: 3.4%; Nadiri Prucha, 
1996; Best Estimate: 5.9%
EROI e 2%‐60% See table in section 2
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For β<0, when the energy input becomes more costly, it is easily substituted in the 
production process, and there is an increase in the capital stock of the non-energy sector (for 
example with investment in energy efficiency) while the amount of resources devoted to 
energy production is reduced. For β>0 the economy reacts to depletion with an increase in 
the size of the energy sector because energy cannot be easily substituted with capital, so to 
maximize consumption more resources have to be devoted to energy production. For the 
Cobb-Douglas case (β=0), it can be proven that the size of the energy sector is constant for 
every auto-consumption level. 
In the following graph the )(ec curves are shown for the same levels of β as before: 
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For consumption, the graph always shows a decline with depletion, because a worse 
energy balance (more scarcity) should always have a negative impact on consumption. It is a 
more constant decline across auto-consumption levels for higher βs, while for smaller βs the 
decline is very fast for very low auto-consumption levels (the economy suffers a lot when 
deprived of its former energy subsidy), but after the first stages of depletion, the easiness of 
substitution between energy and capital drastically reduces the impact of additional scarcity. 
In the following table the impact on consumption of the increase in energy auto-consumption 
(depletion) from 10% to 20% and from 10% to 30% is shown. The impacts would be 
significant, and in the case of the 10% to 30%, clearly the impact on consumption would  
be worse for the more inelastic cases.  
 
  
10%‐20% 10%‐30%
β=5 ‐8,16 ‐16,17
β=2 ‐8,42 ‐16,01
β=1 ‐8,79 ‐16,04
β=0.5 ‐9,37 ‐16,38
β=0.1 ‐10,09 ‐16,52
β=‐0.1 ‐9,81 ‐15,55
β=‐0.3 ‐9,08 ‐14,04
β=‐0.5 ‐6,81 ‐10,11
move from
when energy auto‐consumption
Per Cent decline in consumption 
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8 Conclusions and further research 
A Ramsey-Hotelling growth model with energy as an input in the production function has 
been presented. The quality of the available stock of energy was ordered by its “Energy 
Return on Energy Invested” (EROI). The energy accountancy issues related to the EROI 
(energy quality and life-cycle analysis for net energy computation) were discussed, and the 
energy auto-consumption curve was presented as the best mathematical representation or 
total energy resources under heterogeneous EROI. A hypothesis for the relationship between 
EROI and capital use was made: that the flow of energy in the economy is proportional to 
capital installed in the energy sector and inversely proportional to the energy auto-
consumption of currently used energy resources. The mixed CES-Cobb-Douglas was 
proposed as a production function flexible enough to describe a wide range of opinions on 
the value of long-run energy-capital substitution. After the full Ramsey-Hotelling-EROI model 
was presented, its steady-state for different levels of energy auto-consumption was 
computed, and a comparative statics analysis of those steady-states was conducted.  
Two qualitative comparative statics results were obtained. First, when energy 
scarcity deepens (ie. EROI decreases), the size of the energy sector (as measured by the 
amount of labour in the energy sector) slightly decreases when long-run capital-energy 
substitutability is below zero, it is constant if it is zero, and increases if higher than zero. 
Second, the decline of consumption when auto-consumption worsens is more constant for 
higher substitutability, while for lower substitutability the decline is very fast for very low auto-
consumption levels (the economy suffers a lot when deprived of its former energy subsidy), 
but after the first stages of depletion, the easiness of substitution between energy and capital 
drastically reduces the effect of additional scarcity. A numerical experiment on the impact of 
energy depletion on steady-state consumption was performed leading to the conclusion that 
an increase in energy auto-consumption from 10% to 20% would have a significant impact 
for all considered elasticity parameters. 
In this article we merely performed a steady-state comparative statics exercise for a 
simplified model (where the energy auto-consumption curve is substituted by a fixed auto-
consumption level). A straightforward extension of this paper would be to provide a full 
dynamic path of the system under a realistic energy auto-consumption curve. Additional 
exercises can be performed with the full model: the impact of agents’ myopic decisions on 
welfare can be readily computed, solving the model for every time under the assumption that 
an unlimited amount of energy at the present level of auto-consumption is available, obtaining 
the controls under that hypothesis, and then allowing depletion to occur with the real auto-
consumption curve. Apart from answering relevant theoretical questions, the direct 
introduction of EROI into a growth model can open the door to the introduction of energy 
efficiency into growth accounting. 
Finally, environmental factors can be included in the model,replacing the EROI curve 
for a surface where the stock of energy resources is classified by auto-consumption and 
environmental impact. 
 
 
BANCO DE ESPAÑA 35 DOCUMENTO DE TRABAJO N.º 1217 
REFERENCES 
ANDERSON, R. K. AND J. R. MORONEY, “Morishima elasticities of substitution with nested production functions”, 
Economic Letters, 1993. 
ATKESON, A. AND KEHOE, P.,”Models of energy use: putty-putty vs.putty-clay”, The American Economic Review, 1999. 
BACHMEIER, L. AND GRIFFIN, J.,“Testing for market integration: crude oil, coal and natural gas”, The Energy Journal, 2006. 
BARRO, R., “Notes on Growth Accounting”, NBER Working Paper 6654, 1998. 
BASSI, A., POWERS, R., AND SCHOENBERG, W., “An integrated approach to energy prospects for North America and 
the rest of the World”, Energy Economics, 2010. 
BATTISTI, R. AND CORRADO, A., ”Evaluation of technical improvements of photovoltaic systems through life cycle 
assessment methodology”, Energy, 2005. 
BAUMOL, W. AND WOLFF, E., “Subsidies to New Energy Sources: Do They Add to Energy Stocks?”, The Journal of 
Political Economy,1981. 
BENTOLILA, S. AND SAINT-PAUL, G., "Explaining Movements in the Labour Share," The B.E. Journal of Macroeconomics, 
2003. 
BEZIL, C., AND HANSEN, J., ”Subjective Discount Rates, Intergenerational Transfers and the Return to Schooling”, 
Working Paper of the Institute for the Study of Labor, 1999. 
CASS, DAVID, “Optimum growth in an aggregative model of capital accumulation,” Review of Economic Studies, 1965 
CHAKRAVORTY, U., ROUMASSET, J., KINPING TSE, “Endogenous substitution among energy resources and global 
warming”, Journal of Political Economy, 1997. 
CHAKRAVORTY, U., MOREAUX, M. AND TIDBALL, M., "Ordering the Extraction of Polluting Nonrenewable Resources" 
American Economic Review, 2008. 
CLEVELAND ET AL., “Energy and the US economy: A biophysical perspective”, Science, 1984. 
CLEVELAND, C., “Natural resource scarcity and economic growth revisited: Economic and Biophysical perspectives”, in 
Ecological Economics: the science of management and sustainability”, Columbia University Press, 1991.  
CLEVELAND, C. AND KAUFFMAN, R., “Forecasting ultimate oil recovery and its rate of production: incorporating 
economic forces into the models of M.King Hubbert” The Energy Journal, 1991. 
CLEVELAND, C., “Energy quality and energy surplus in the extraction of fossil fuels in the US”, Ecological Economics, 
1992. 
CLEVELAND, C., “Biophysical Economics: From Physiocracy to Ecological Economics and Industrial Ecology”. 
Bioeconomics and Sustainability: Essays in Honor of Nicholas Gerogescu-Roegen, J. Gowdy and K. Mayumi, 
Eds.Edward Elgar Publishing, Cheltenham, England, pp. 125-154, 1999a. 
CLEVELAND, C., KAUFFMAN,ROBERT, AND STERN, DAVID, “Aggregation and the role of energy in the economy”, 
Ecological Economics, 1999b. 
CLEVELAND, C., “Net energy and the extraction of oil and gas in the United States”, Ecological Economics, 2001. 
CONSTANZA, R (ed.),”Ecological Economics: The science of management and sustainability”, pages 289-317, 
Columbia University Press, New York, 1991. 
COTTRELL, W. F, “Energy and Society”. McGraw-Hill, New York, 1955. 
DANXIA XIE, DANIEL, “A Generalized Fact and Model of Long-Run Economic Growth: Kaldor Fact as a Special Case”, 
Working Paper of the Peterson Institute for International Economics, 2011. 
DASGUPTA, P., AND HEAL, G., ”The Optimal Depletion of Exhaustible ResourcesAuthor(s): Reviewed work(s), The 
Review of Economic Studies,1974. 
DASGUPTA, P. “Human Well-Being and the Natural Environment”, Oxford: Oxford University Press, 2001. 
GELB, A., KAISER, K. AND VIUELA, L., “How Much Does Natural Resource Extraction Really Diminish National Wealth? 
The Implications of Discovery", Mimeo, 2011. 
GEORGESCU-ROEGEN, N., “The Law of Entropy and the Economic Process”, Harvard University Press: Cambridge, 
Massachusetts, 1971. 
GEORGESCU-ROEGEN, N., ”Energy and economic myths”, Southern Economic Journal, 1975. 
HALL, C., Balogh, S. and Murphy, D., “What is the minimum EROI a sustainable society must have?”, Energies, 2009 
HALL, C.A.S, Tharakan, Hallock, Cleveland, Jefferson, “Hydrocarbons and the evolution of human culture”, Nature, 2003. 
HALL, C.A.S, Day, J. W, “Revisiting the Limits to Growth After Peak Oil”, American Scientist, 2009. 
HALL, C.A.S, “Introduction to Special Issue on New Studies in EROI (Energy Return on Investment)”, Sustainability, 2011. 
HARTWICK, J. M., “Intergenerational Equity and the Investing of Rents from Exhaustible Resources”, The American 
Economic Review, 1977. 
HENDRICKSON, C. T., LAVE, L. B. AND MATTHEWS, H. S.  “Environmental Life Cycle Assessment of Goods and 
Services:  An Input-Output Approach”.  Resources for the Future Press, 2006. 
HENSHAW P. F, KING, C. AND ZARNIKAU, J., “System Energy Assessment (SEA), Defining a Standard Measure of 
EROI for Energy Businesses as Whole Systems”, Sustainability, 2011. 
HIRSCH, R., BEZDECK, R. AND WENDLING, R., “Peaking of World Oil Production: Impacts, Mitigation and Risk 
Management”, US Department of Energy, 2005.  
HOLLAND, S. P., “Modelling Peak Oil”, The Energy Journal, 2008. 
HONG, LI ET AL., “Evaluating the effects of embodied energy in international trade on ecological footprint in China”, 
Ecological Economics, 2007. 
HOTELLING, H., “The economics of exhaustible resources”, The Journal of Political Economy, 1931. 
HUBBERT, M. K., “Nuclear Energy and the Fossil Fuels”, American Petroleum Institute, 1956. 
JEVONS, S., “The Coal Question; An Inquiry Concerning the Progress of the Nation, and the Probable Exhaustion of Our 
Coal Mines”, 1865. 
BANCO DE ESPAÑA 36 DOCUMENTO DE TRABAJO N.º 1217 
KAUFMANN, R., “The relation between marginal product and price in US energy markets”, Energy Economics, 1994. 
KENNY, R., LAW, C. AND PEARCE, J. M., "Towards Real Energy Economics: Energy Policy Driven by Life-Cycle 
Carbon Emission", Energy Policy, 2010. 
KOETSE, M. K., GROOT. H. L. F. AND FLORAX, R. J. G. M., “Capital-Energy Substitution and Shifts in Factor Demand: 
a Meta-Analysis”, Tinbergen Institute Discussion Paper, 2006. 
KOOPMANS, T., “On the concept of optimal economic growth,” Econometric Approach to Development Planning, 
chap. 4, pp. 225–87. North-Holland Publishing Co., Amsterdam, 1965. 
KUBISZEWSKI, I., CLEVELAND, C.J. AND ENDRES, P.K., “Meta-analysis of net energy return for wind power systems”, 
Renewable Energy, 2009. 
LENZEN, M., “Life cycle energy and greenhouse gas emissions of nuclear energy: A review”, Energy Conversion and 
Management, 2008. 
LOTKA, A. J., “Elements of Physical Biology”. Williams and Wilkins, Baltimore, 1924. 
MANNO, JACK, ”Looking for a Silver Lining: The Possible Positives of Declining Energy Return on Investment (EROI)”, 
Sustainability, 2011. 
MAS-COLLEL, A., WHINSTON, M. D. AND GREEN, J. R., “Microeconomic Theory: Chapter 5”, 1995. 
MAYUMI, K, “The Origins of Ecological Economics: The Bioeconomics of Georgescu-Roegen”, Routledge, 2001. 
MUDD, G. M., “Historical Trends in Base Metal Mining: Backcasting to Understand the Sustainability of Mining. Proc. 
“48th Annual Conference of Metallurgists”, Canadian Metallurgical Society, Sudbury, Ontario, Canada, 2009. 
MULDER, K. AND HAGENS N. J., “Energy Return on Investment: Towards a Consistent Framework”, Ambio, 2008. 
MURPHY, D. J., HALL AND C. A. S, “Year in review—EROI or energy return on (energy) invested”, Annals of the New 
York Academy of Science, 2011. 
MURPHY, D. J., HALL C. A. S, DALE, M. AND CLEVELAND, C., “Order from Chaos: A Preliminary Protocol for 
Determining the EROI of Fuels”, Sustainability, 2011. 
MUSGRAVE, J. C, ”Fixed Reproducible Tangible Wealth in the United States, Revised Estimates”, Survey of Current 
Business, 1992. 
NORDHAUS, W. D., “Principles of National Accounting For Non-market Accounts", In: Dale Jorgenson, J. Steven 
Landefeld, and William D. Nordhaus, 2006. A New Archi-tecture for the U.S. National Accounts, NBER, 2006. 
NADIRI M. I. AND PRUCHA, I. R.,”Estimation of the Depreciation Rate of Physical and R&D Capital in the US 
Manufacturing Sector”, Economic Inquiry, 1996. 
ODUM, H. T. AND ODUM, E. C., “Energy Basis for Man and Nature”. McGraw-Hill, New York, 1976. 
ODUM, H. T,. “Systems Ecology”. Wiley-Interscience, New York, 1983. 
PHILLIPS, W. G. B. AND EDWARDS, D. P., “Metal prices as a function of ore grade”, Resources policy, 1976. 
PIMENTEL, D., “Biofuels, Solar and Wind as renewable energy systems”, Springer, 2008. 
PEARCE, J. M. "Limitations of Greenhouse Gas Mitigation Technologies Set by Rapid Growth and Energy Cannibalism", 
Klima 2008. 
RAMSEY F. P., "A Mathematical Theory of Saving," Economic Journal, 1928.  
REYNOLDS, D. B., “The mineral economy: how prices and costs can falsely signal decreasing scarcity”, Ecological 
Economics, 1999. 
RICARDO, D., “On the Principles of Political Economy and Taxation”, 1817. 
ROBELIUS, F., “Giant Oil Fields: The highway to oil”, Ph.D Thesis. Uppsala University, 2007. 
SHINKUMA, T. AND NISHIYAMA, T., “The grade selection rule of the metal mines; an empirical study on 
copper mines”, Resources Policy, 2000. 
SOLOW, R.,”Technical change and the aggregate production function”, Review of Economics and Statistics, 1957 
STIGLITZ, J., “Growth with Exhaustible Natural Resources: Efficient and Optimal Growth Paths”, The Review of 
Economic Studies, 1974.  
STRESING, R., LINDENBERGER D. AND KÜMMEL, R., “Cointegration of Output, Capital, Labour and Energy”, Institute 
of Energy Economics at the University of Cologne, 2008. 
SWEENEY J. L, “The response of energy demand to higher prices: what have we learned?”, The American Economic 
Review, 1984. 
SWEENEY, J., “The response to energy demand to higher prices”, The American Economic Review, 1984 
THOMAS, J.A.G, “Energy Analysis”. Westview Press, Boulder (1977).  
VAN ZON, A. AND YETKINER, I. H, “An endogenous growth model with embodied energy-saving technical change”, 
Resource and Energy Economics, 2003. 
WORLD BANK, “The Changing Wealth of Nations: Measuring Sustainable Develop-ment in the New Millennium”, 2010. 
ZIMMERMAN, M., “Modelling depletion in a mineral industry: the case of coal”, The Bell Journal of Economics, 1977. 
 
BANCO DE ESPAÑA PUBLICATIONS  
WORKING PAPERS1  
1101 
 
1102 
1103 
 
1104 
 
1105 
 
1106 
1107 
 
1108 
1109 
 
1110 
1111 
1112 
 
1113 
1114 
1115 
1116 
 
1117 
 
1118 
 
1119 
 
1120 
 
1121 
 
1122 
1123 
1124 
 
1125 
1126 
1127 
 
1128 
1129 
1130 
GIACOMO MASIER AND ERNESTO VILLANUEVA: Consumption and initial mortgage conditions: evidence from 
survey data. 
PABLO HERNÁNDEZ DE COS AND ENRIQUE MORAL-BENITO: Endogenous fiscal consolidations. 
CÉSAR CALDERÓN, ENRIQUE MORAL-BENITO AND LUIS SERVÉN: Is infrastructure capital productive? A dynamic 
heterogeneous approach. 
MICHAEL DANQUAH, ENRIQUE MORAL-BENITO AND BAZOUMANA OUATTARA: TFP growth and its determinants: 
nonparametrics and model averaging. 
JUAN CARLOS BERGANZA AND CARMEN BROTO: Flexible inflation targets, forex interventions and exchange rate 
volatility in emerging countries. 
FRANCISCO DE CASTRO, JAVIER J. PÉREZ AND MARTA RODRÍGUEZ VIVES: Fiscal data revisions in Europe. 
ANGEL GAVILÁN, PABLO HERNÁNDEZ DE COS, JUAN F. JIMENO AND JUAN A. ROJAS: Fiscal policy, structural 
reforms and external imbalances: a quantitative evaluation for Spain. 
EVA ORTEGA, MARGARITA RUBIO AND CARLOS THOMAS: House purchase versus rental in Spain. 
ENRIQUE MORAL-BENITO: Dynamic panels with predetermined regressors: likelihood-based estimation and 
Bayesian averaging with an application to cross-country growth. 
NIKOLAI STÄHLER AND CARLOS THOMAS: FiMod – a DSGE model for fiscal policy simulations. 
ÁLVARO CARTEA AND JOSÉ PENALVA: Where is the value in high frequency trading?  
FILIPA SÁ AND FRANCESCA VIANI: Shifts in portfolio preferences of international investors: an application to 
sovereign wealth funds. 
REBECA ANGUREN MARTÍN: Credit cycles: Evidence based on a non-linear model for developed countries. 
LAURA HOSPIDO: Estimating non-linear models with multiple fixed effects: A computational note. 
ENRIQUE MORAL-BENITO AND CRISTIAN BARTOLUCCI: Income and democracy: Revisiting the evidence. 
AGUSTÍN MARAVALL HERRERO AND DOMINGO PÉREZ CAÑETE: Applying and interpreting model-based seasonal
adjustment. The euro-area industrial production series. 
JULIO CÁCERES-DELPIANO: Is there a cost associated with an increase in family size beyond child investment? 
Evidence from developing countries. 
DANIEL PÉREZ, VICENTE SALAS-FUMÁS AND JESÚS SAURINA: Do dynamic provisions reduce income smoothing
using loan loss provisions? 
GALO NUÑO, PEDRO TEDDE AND ALESSIO MORO: Money dynamics with multiple banks of issue: evidence from 
Spain 1856-1874. 
RAQUEL CARRASCO, JUAN F. JIMENO AND A. CAROLINA ORTEGA: Accounting for changes in the Spanish wage 
distribution: the role of employment composition effects. 
FRANCISCO DE CASTRO AND LAURA FERNÁNDEZ-CABALLERO: The effects of fiscal shocks on the exchange 
rate in Spain. 
JAMES COSTAIN AND ANTON NAKOV: Precautionary price stickiness.  
ENRIQUE MORAL-BENITO: Model averaging in economics.  
GABRIEL JIMÉNEZ, ATIF MIAN, JOSÉ-LUIS PEYDRÓ AND JESÚS SAURINA: Local versus aggregate lending channels: 
the effects of securitization on corporate credit supply. 
ANTON NAKOV AND GALO NUÑO: A general equilibrium model of the oil market. 
DANIEL C. HARDY AND MARÍA J. NIETO: Cross-border coordination of prudential supervision and deposit guarantees. 
LAURA FERNÁNDEZ-CABALLERO, DIEGO J. PEDREGAL AND JAVIER J. PÉREZ: Monitoring sub-central 
government spending in Spain. 
CARLOS PÉREZ MONTES: Optimal capital structure and regulatory control. 
JAVIER ANDRÉS, JOSÉ E. BOSCÁ AND JAVIER FERRI: Household debt and labour market fluctuations. 
ANTON NAKOV AND CARLOS THOMAS: Optimal monetary policy with state-dependent pricing. 
                                                          
1. Previously published Working Papers are listed in the Banco de España publications catalogue. 
1131 
1132 
1133 
1201 
1202 
 
1203 
 
1204 
 
1205 
 
1206 
 
1207 
1208 
 
1209 
1210 
 
1211 
 
1212 
 
1213 
 
1214 
1215 
1216 
 
1217 
JUAN F. JIMENO AND CARLOS THOMAS: Collective bargaining, firm heterogeneity and unemployment. 
ANTON NAKOV AND GALO NUÑO: Learning from experience in the stock market. 
ALESSIO MORO AND GALO NUÑO: Does TFP drive housing prices? A growth accounting exercise for four countries. 
CARLOS PÉREZ MONTES: Regulatory bias in the price structure of local telephone services. 
MAXIMO CAMACHO, GABRIEL PEREZ-QUIROS AND PILAR PONCELA: Extracting non-linear signals from several 
economic indicators. 
MARCOS DAL BIANCO, MAXIMO CAMACHO AND GABRIEL PEREZ-QUIROS: Short-run forecasting of the euro-dollar 
exchange rate with economic fundamentals. 
ROCIO ALVAREZ, MAXIMO CAMACHO AND GABRIEL PEREZ-QUIROS: Finite sample performance of small versus 
large scale dynamic factor models. 
MAXIMO CAMACHO, GABRIEL PEREZ-QUIROS AND PILAR PONCELA: Markov-switching dynamic factor models in 
real time. 
IGNACIO HERNANDO AND ERNESTO VILLANUEVA: The recent slowdown of bank lending in Spain: are supply-side 
factors relevant? 
JAMES COSTAIN AND BEATRIZ DE BLAS: Smoothing shocks and balancing budgets in a currency union. 
AITOR LACUESTA, SERGIO PUENTE AND ERNESTO VILLANUEVA: The schooling response to a sustained Increase in 
low-skill wages: evidence from Spain 1989-2009. 
GABOR PULA AND DANIEL SANTABÁRBARA: Is China climbing up the quality ladder? 
ROBERTO BLANCO AND RICARDO GIMENO: Determinants of default ratios in the segment of loans  
to households in Spain. 
ENRIQUE ALBEROLA, AITOR ERCE AND JOSÉ MARÍA SERENA: International reserves and gross capital flows. 
Dynamics during financial stress. 
GIANCARLO CORSETTI, LUCA DEDOLA AND FRANCESCA VIANI: The international risk-sharing puzzle is at business-
cycle and lower frequency. 
FRANCISCO ALVAREZ-CUADRADO, JOSE MARIA CASADO, JOSE MARIA LABEAGA AND DHANOOS 
SUTTHIPHISAL: Envy and habits: panel data estimates of interdependent preferences. 
JOSE MARIA CASADO: Consumption partial insurance of Spanish households. 
J. ANDRÉS, J. E. BOSCÁ AND J. FERRI: Household leverage and fiscal multipliers. 
JAMES COSTAIN AND BEATRIZ DE BLAS: The role of fiscal delegation in a monetary union: a survey of the political 
economy issues. 
ARTURO MACÍAS AND MARIANO MATILLA-GARCÍA: Net energy analysis in a Ramsey-Hotelling growth model. 
 
Unidad de Servicios Auxiliares 
Alcalá 522, 28027 Madrid 
Telephone +34 91 338 6363. Fax +34 91 338 6488 
E-mail: publicaciones@bde.es 
www.bde.es 
